Neonatal whisker trimming followed by adult whisker regrowth leads to higher responsiveness and 2 altered receptive field properties of cortical neurons in corresponding layer 4 barrels. Studies of 3 functional thalamocortical (TC) connectivity in normally reared adult rats have provided insights into 4 how experience-dependent TC synaptic plasticity could impact the establishment of feedforward 5 excitatory and inhibitory receptive fields. The present study employs cross-correlation analyses to 6 investigate lasting effects of neonatal whisker trimming on functional connections between 7 simultaneously recorded thalamic neurons and regular-spike (RS), presumed excitatory, and fast-spike 8 (FS), presumed inhibitory, barrel neurons. We find that, as reported previously, RS and FS cells in 9 whisker trimmed animals fire more during the earliest phase of their whisker-evoked responses, 10 corresponding to the arrival of thalamocortical inputs, in spite of no change or even a slight decrease in 11 the firing of thalamic cells that contact them. Functional connections from thalamus to cortex are 12 stronger. The probability of finding TC-RS connections was two-fold greater in trimmed animals and 13 similar to the frequency of TC-FS connections in control and trimmed animals, the latter being 14 
INTRODUCTION 22
Sensory experience affects the development of thalamocortical circuitry. Pioneering studies in 23 the visual system of cats and monkeys demonstrated substantial alterations in the termination of 24 geniculocortical axons in layer 4 of primary visual cortex and/or of receptive field properties of layer 4 25 neurons consequent to monocular eye closure (Hubel et al. 1977; Wiesel and Hubel 1963) . Effects are 26 age-dependent and extend well into adulthood after normal vision is restored, often remaining 27 permanent. In the rodent somatosensory system damage to primary afferent neurons innervating the 28 whiskers results in permanent alterations in the anatomical pattern of whisker-related cortical layer 4 29 barrels provided that the peripheral damage is produced within the first few days of postnatal life ( Van 30 der Loos and Woolsey 1973). Simply trimming whiskers early in life has no effect on the the gross 31 morphology of corresponding cortical barrels but does lead to abnormalities in somatosensory cortical 32 function and whisker-based tactile discrimination(Carvell and Simons 1996; Hand 1982; Rema et al. 33 2003; Simons and Land 1987) . In adult animals whisker trimming immediately reduces afferent activity 34 (Durham and Woolsey 1978; Kelly et al. 1999 ) though it is unclear how this affects long-term activity in 35 young animals. Simons and Land first reported that neonatal whisker trimming followed by 3-15 weeks 36 of regrowth during adulthood leads to increased responsiveness of cortical barrel neurons that can be 37 observed even months after whiskers fully regrow. Such increased responsiveness is not observed in 38 layer 4 barrels when plucked whiskers are allowed to regrow for only a few days (Fox 1992) . Neonatal 39 whisker trimming followed by regrowth is associated with abnormal inhibitory as well as excitatory 40 barrel neuron receptive fields (Shoykhet et al. 2005) . During normal development whisker-evoked 41 responses of thalamic and cortical neurons remain immature for many weeks after birth during a time 42 when TC synapses continue to mature (Shoykhet and Simons 2008) . Correspondingly, similar though less 43 robust functional effects can be produced when whisker trimming is delayed until the beginning of the 44 third postnatal week (Shoykhet et al. 2005) . 45 using a computer program that assessed electroencephalogram, heart rate and mean arterial blood 116 pressure, and the tracheal airway pressure waveform. Experiments were terminated if normative 117 physiologic values could not be maintained; this occurred only rarely. At the end of the recording 118 session, rats were killed with pentobarbital sodium (>100 mg/kg, i.v.) and perfused for cytochrome 119 oxidase (CO) histochemistry. The right cortical hemisphere was removed from the rest of the brain and 120 sectioned tangentially, reacted for CO and horseradish peroxidase (HRP) and stained with Nissl. The 121 diencephalon was cut in the coronal plane and stained similarly. VPm. Standard amplification and filtering were used. 137
Data were collected at 32 kHz using custom software written for the LabView platform (National 138
Instruments, Austin, TX). Spike waveforms were parsed on-line based on amplitude and later sorted off-139 line on the basis of principal components using custom software that permitted visualization of 140 individual spike waveforms in the cluster cutting display. Cluster boundaries were drawn around spikes 141 having similar waveforms. Cut spikes were further examined to eliminate any outlier waveforms, and 142 inter-spike interval histograms were checked to ensure the absence of short-intervals indicative of 143 multiple-unit recordings. A sub-sample of up to 100 waveforms that were preceded by flat baselines 144 were averaged. From these averages we calculated the duration of the initial negative phase and the 145 time between peak negativity and peak positivity (see Fig. 1A ). Scatter plots of these measures revealed 146 two non-overlapping populations (Fig. 1B) . Spikes having short initial and trough-to-peak times were 147 classified as fast-spike units (FSUs, presumed inhibitory cells) with longer duration spikes classified as 148 regular-spike units (RSUs, presumed excitatory barrel neurons). Scatter plots are similar to those of 149 Bruno and Simons who used slightly different criteria. As noted above, off-line spike sorting was 150 performed without knowledge of the animal's trimming history. Average waveforms were saved as 151 templates for ensuring a match between spikes recorded with the ramp-and-hold deflections and those 152 recorded with the 4-Hz sinusoids used for cross-correlation analyses (see below). 153
Whisker stimulation. 154
The PW was deflected using a multi-angle whisker stimulator attached to the whisker hair ~10 155 mm from the skin surface. In several experiments (n= 2 control, 2 trimmed animals) we estimated the strength of firing 220 synchrony between pairs of simultaneously recorded TC cells, without cortical recording. Using a multi-221 electrode Eckhorn drive (Uwe Thomas Recording), two or three platinum-in quartz microelectrodes 222 were positioned within the same physiologically defined thalamic barreloid, and the PW was deflected 223 caudally using the 4-Hz sinusoids (n= 50 trials). Raw CCGs were constructed to evaluate firing synchrony 224 for pairs of cells recorded only on separate electrodes (see Temereanca et al., 2008) . Strength was 225 calculated as the normalized number of events occurring within +/-10 ms of each other: 226
where Ncc is the sum of correlated spikes within the time window spanning 0 lag in the CCG, and N1 and 227 N2 are the total number of spikes used to construct the CCG. Strength values were calculated separately 228 for pre-stimulus and stimulus-driven activities. 229
Statistical analyses. 230
Statistical tests comparing control and trim units were performed using the Excel Add-In 231
Analyze-It (Analyse-It Software LTD ). Chi square tests were used for comparing categorical data, e.g., 232
relative numbers of connected and non-connected pairs. with a monosynaptic delay. The lower confidence limit for the difference between raw and trial-shuffled 284 values at this lag exceeds 0 indicating that the mean positive difference would be expected to occur by 285 chance with a probability < 0.01. This is taken as evidence that the TCU evokes spikes in the cortical cell 286 independent of the effects of the whisker stimulus (Perkel et al. 1967 ). The TC-RS CCG is sharply peaked, 287 having only 1 significant bin, at the 1.0 -1.9 ms lag. For the TC-FS pair in panel B the peak is broader and 288 all three bins from 1-3.9 ms after the TC cell spiked are statistically significant. Although some of the bins 289 at even longer lags differ significantly from 0, the delay is too long to be considered as evidence for a 290 monosynaptic connection, perhaps reflecting instead a prolonged postsynaptic response in the FS cell. 291
To visualize the temporal difference in trial-corrected CCGs from control and trim animals we 292 created average normalized cross-correlograms (Fig. 3C, D) . For each connected pair (see Figure 4 for 293 numbers of connected pairs), difference values, i.e., the vertical bars in panels A and B, were normalized 294 to the bin from -20 to +20 ms lags having the largest mean difference between raw and shuffled values. 295
These normalized CCGs were then averaged to construct population CCGs from connected TC-RS and 296 TC-FS pairs in control and trimmed animals. The difference in time course of the individual example TC-297 RS and TC-FS pairs in panels A and B is evident in the control population CCGs (Fig. 3C, D) . For trim cases 298 the population CCG for TC-RS pairs is broad and similar in time course to the control TC-FS and trim TC-299 FS pairs, which are also similar to each other. Values at lag 3.0 to 3.9 ms of the control and trim RS CCGs 300 differ (p = 0.03 ). Thus, RSUs in trimmed animals are more responsive to whisker deflections and are 301 more likely to fire within a longer period of time immediately following a spike in a TC cell from which 302 they receive a monosynaptic functional connection. 303
Connectivity was higher in trimmed animals, reflecting substantially more functional TC-RS 304 connections (Fig. 4A) . TC-FS connections were equivalent in trimmed and control animals (70% vs. 65%). 305
On the other hand, 18 of 57 TC-RS pairs (31.5 %) in control animals were connected vs. 55 of 83 trim 306 pairs (66%, chi-square, p < 0.0001). Control TC-FS and TC-RS connection rates are nearly identical to 307 those reported previously (Bruno and Simons, 2002, see also (Bruno and Sakmann 2006). The greater 308 probability of observing TC-RS connections in trimmed animal could simply reflect a large number of 309 false positives due to greater overall activity of trim RSUs. However, spontaneous firing rates were 310 equivalent for connected trim and control cells. Furthermore, we examined connectivity for units having 311 low spontaneous firing or, separately, low 4-Hz evoked firing rates, selecting cells that fired < the 312 median of control units; for these sub-samples of equivalently low-firing cells, connectivity was still 313 greater for TC-RS pairs in trimmed animals (chi sq. tests, p's < .004). 314
Connected RSUs in trimmed animals were more responsive to the 8-angle whisker deflection 315 stimuli than connected RSUs in control animals (Fig. 4B, p < .001) ; no difference was observed for FSUs. 316
By contrast, as in the case of the entire TCU population (Fig. 2) , firing rates of connected TC cells were 317 slightly smaller in trim vs. control cases (p = .05). We further examined TC-RS connectivity by subdividing 318
TCUs into those firing above or below the trim population median. For the upper halves, 84% (19/25) of 319
TCUs were connected in trimmed animals, whereas 43% (11/29) were connected in control cases (chi 320 sq., p=0.005). Similarly for the lower 50th percentiles, TC-RS connections were two-fold more likely to be 321 observed in trimmed animals (62%: 36/58) than in control animals (31%:7/28, chi sq., p =0.001). Thus, 322 although TC-RS connections were somewhat more common for more responsive TCUs in both trim and 323 control animals, TCUs in trimmed animals were more likely to connect to RSUs regardless of their firing 324 rates. Furthermore, TCU firing rates evoked by the 4-Hz stimuli used to determine connectivity were 325 similar between control and trim cases, arguing against a larger number of firing-rate dependent false 326 positives in trimmed pairings. The elevated stimulus-evoked firing of trim RSUs relative to control values 327 likely reflects, in part, their receiving functional inputs from more TC cells rather than from more 328 robustly firing ones (see Discussion). 329
Coincident or near-coincident thalamic spikes preferentially activate barrel neurons. Hence, 330 greater TC-RS connectivity observed in trimmed animals could reflect trimming-induced increases in 331 thalamic firing synchrony. We examined this by calculating the strength of correlated firing in pairs of 332
TCUs recorded simultaneously on different microelectrodes (see Methods). For control cases, strength 333 values for spontaneous activity were similar to those from the study by Temereanca et al. (2008) , and 334 strength values for the 4-Hz stimuli were within the range expected from that study where 8 Hz, but not 335 4-Hz, sinusoidal deflections were used. No differences were observed for strength values in trimmed (n 336 = 27 pairs) vs. control (n = 26 pairs) animals for either spontaneous or 4-Hz stimulus-evoked activity (Fig.  337   4C) . We also examined the relative incidence of short TCU interspike intervals (1-5 ms), inasmuch as 338 more burst firing in trimmed animals could conceivably lead to a greater likelihood of finding functional 339 connections due, possibly, to paired TC spike facilitation (Usrey et al. 2000) . For the 4-Hz sinusoidal 340 deflections, there were no differences in the proportion of short TCU ISIs between connected and not-341 connected pairs, between control and trim TCUs, and between control and trim TCUs connected to RSUs 342 (Fig. 4D) . Finally, we performed the cross-correlation analyses with all TC and cortex (RS, FS) short (< 5 343 ms) interval spikes deleted. As observed also by Bruno and Simons, these analyses did not affect 344 conclusions regarding connectivity probabilities. For TC-RS, 35% of pairs were connected in control 345 animals vs. 69% in trimmed animals (chi sq., p < 0.0001); proportions were unchanged for TC-FS pairs. 346
Thus, the greater connectivity found for trim RSUs is unlikely to reflect the firing statistics of their 347 thalamocortical inputs. 348
Angular tuning 349
RSUs were less selective for deflection angle in trimmed vs. control animals ( Figure 5A TCUs and RSUs is less selective. 365
Thalamocortical connections and response selectivity 366
We used efficacy (see Methods) as a measure of functional connection strength (Fig. 6) . For 367 connected pairs, TC-RS and TC-FS efficacies were larger in trimmed animals relative to their control 368 counterparts (p's < .03). In trimmed animals, TC-FS efficacies were larger than TC-RS efficacies (p < .04); 369 although TC-FS efficacies were larger than TC-RS efficacies in control animals, the difference did not 370 reach significance (p = .16). As expected, in all cases efficacies of connected pairs were larger than those 371 of not-connected pairs (p's < .001), with the latter not differing from 0. 372
The angular tuning analyses indicate that functional connections between thalamic cells and 373 regular-spike cortical units are less selective in trimmed animals, whereas TC-FS connections are 374 equivalently non-selective. To address this further, we examined the relationship between between TC 375 firing and the strength of its cortical contacts. In control TC-RS pairs (Fig. 7A) connection efficacy was 376 positively correlated with TC firing; a TC cell that fired more strongly to whisker deflection was more 377 likely to make a strong RSU contact (R 2 = .25, p = .03, note that with the outlying point removed, the 378 correlation, though weaker, is still positive, R 2 = 0.15, p = .12). The converse (negative) relationship was 379 found for trimmed RSUs (R 2 = .03, p =.24) due largely to a number of weakly responding TC cells making 380 some of the strongest functional connections (Fig. 7A, right; note that with the 9 upper left data points 381 omitted, the relationship is weak but positive, R 2 = .066, p = .08). Slopes of the control and trim 382 regression lines differ (p=.02; when outlier is removed, p = .06). By contrast, no significant relationship 383 between TC firing and TC-FS efficacy was observed for either control (R 2 = 0.04, p = 0.43) or trim (R 2 = 384 0.02, p = .57) cases, and the slopes did not differ (Fig. 7B) 
